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Isolation of Murine Hair-Inducing Cells Using the Cell
Surface Marker Prominin-1/CD133
Yuriko Ito1, Tatsuo S Hamazaki1,2,3, Kiyoshi Ohnuma2, Kunihiko Tamaki4, Makoto Asashima2,3 and
Hitoshi Okochi1
Hair is a mini-organ in which dermal papilla (DP) cells play important roles in hair follicle morphogenesis and
formation via interactions with epithelial cells. DP cells have previously been difficult to analyze because of the
lack of a specific surface marker. We have demonstrated that prominin-1/CD133 (CD133) is a useful marker for
murine DP cells. DP cells express CD133 during the early anagen stage (active growth phase) not only during
hair morphogenesis, but also during the growth phase of hairs after birth. Gene expression and flow cytometric
analysis revealed that CD133-positive (þ ) cells in the skin possess the characteristics of DP cells. The CD133(þ )
cells isolated from embryonic or adult skin-induced new hair follicles in vivo when they were transplanted into
nude mice mixed with embryonic epithelial cells, but CD133-negative() cells could not. We propose that the
CD133 is a novel surface marker useful for collecting DP cells in the anagen stage and for analyzing the function
of DP.
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INTRODUCTION
Hair undergoes recurring growth cycles throughout life. Two
major components, follicular epithelium and dermal papilla
(DP), develop and remodel hair follicles by reciprocal
communication (Schmidt-Ullrich and Paus, 2005). DP cells
are considered essential to hair follicle induction because
transplantation of DP cells beneath the epithelium induces de
novo hair growth in hairless skin such as palms and soles
(Reynolds and Jahoda, 1992). The hair follicle inducing cells
in DP are referred to as dermal mesenchyme/fibroblasts
based upon their morphological characteristics (Paus et al.,
1999; Paus and Foitzik, 2004). It has been difficult to isolate
dermal mesenchyme/fibroblasts without reliable and specific
surface markers. DP cells can be harvested by excision of
rodent vibrissae and human scalp hair follicles. However,
because their structure is so minute, it is difficult to isolate DP
cells from the pelage hairs of embryonic and adult skin. Prior
studies have indicated that DP cells produce adhesion
molecules, enzymes, growth modulators, growth factors,
proteoglycans, and receptors (see table by Botchkarev and
Kishimoto, 2003). However, these receptors are not suitable
for isolating DP cells, because other cell types in the skin also
express them. Among the proteoglycans, versican was
evaluated for its relationship to the hair follicle-inducing
ability of DP cells (Kishimoto et al., 1999). As the green
fluorescence protein (GFP)-positive cells of versican-GFP
transgenic mice succeeded in inducing hair growth, hair
follicle-inducing cells could be isolated from the gene-
manipulated animals.
In our search for a specific marker for isolating DP cells
from non-transgenic mice, we selected a membranous
protein, CD133, as a candidate. CD133 was first described
as a marker for human hematopoietic stem cells (Yin et al.,
1997) and has recently been proposed as a universal marker
for tissue stem/progenitor cells (Weigmann et al., 1997;
Uchida et al., 2000; Richardson et al., 2004; Bussolati et al.,
2005). In this study, we determined that DP cells express
CD133. Moreover, we were able to isolate CD133-positive
(þ ) cells and show that they possess hair follicle-inducing
capability.
RESULTS
Stage-specific expression of CD133 on dermal condensate/
papilla cells during hair follicle development and the hair cycle
after birth
We first stained samples of embryonic dorsal skin (E18.5)
with anti-CD133 antibody. The expression of CD133 was
observed mainly on dermal condensate/papilla cells and a
few cells in the dermal sheath (Figure 1a and b). No other
cells in the epidermis, dermis, or fat tissue expressed the
marker. To examine when the DP cells produce CD133, we
obtained skin specimens from embryos at various stages and
neonates. In the dorsal skin, DP cells expressed CD133
primarily from embryonic developmental day 16.5 (E16.5)
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until postnatal day 1 (P1; second day of life). The develop-
mental stages of hair growth are histologically categorized
from stages 1 to 8 (Paus et al., 1999). The stage of each hair
follicle was determined morphologically, according to this
classification. Immunohistochemical analysis revealed that
the expression of CD133 on dermal condensate/papilla cells
was detected during stages 2–5 (Figure 1d–g) of hair
morphogenesis. Particularly, strong expression of this mole-
cule was observed in stages 3 and 4 (Figure 1e and f). A few
cells in the dermal sheath expressed CD133 from stages 4 to
5. To calculate the percentage of CD133 (þ ) cells in back
skin, samples containing 1 106 dermal cells of various age
groups were analyzed, and positively stained cells were
counted by the flow cytometer. As shown in Table 1, the
percentage of CD133 (þ ) cells was 4.4% at E16.5, gradually
declined until birth, and then rapidly decreased to 0.3% after
birth. To certify whether CD133 (þ ) cells reappear in the DP
after birth, we collected skin specimens from 3- to 4-week-
old mice when the hair cycle synchronizes and enters the
next cycle, the second anagen phase (Muller-Rover et al.,
2001). Immunohistochemical staining showed that DP of
vibrissae and pelage hairs transiently express CD133 during
the secondary early anagen (Figure 1k). In the adult, hairs
follow independent hair cycles, but if the hairs are artificially
plucked, their random hair stages synchronize to enter into
new hair cycles. The anagen phase of the hair cycle was
induced in 7-week-old mice by plucking their vibrissae and
pelage hairs under anesthesia. Six days after depilation, when
the stage of the hair cycle advances from telogen to early
anagen, the DP cells transiently expressed CD133 (Figure 1m
and n). CD133 (þ ) cells were observed in the DP at 6, 7, and
8 days after depilation. The percentage of CD133 (þ ) cells in
adult skin increased from 0.4 to 2% after depilation (Table 1).
In this study, a monoclonal antibody, clone 13A4, was
mainly used for immunostaining. The positive expression of
CD133 on DP cells was confirmed by another primary
antibody, raised in a rabbit (data not shown). Unfortunately,
we could not detect similar staining pattern for CD133 in
human DP cells (data not shown).
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Figure 1. DP cells express CD133 during the early anagen stage. Low
magnification view of the dermis of E18.5 mice stained with the (a)
anti-CD133 antibody and counterstained with (b) hematoxylin-eosin. The
expression of CD133 was observed mainly in the DP cells (arrowhead) but
other parts, including the bulge area (asterisk) did not. (c–i) Dermal
condensate and papilla cells were positive for CD133 during hair
morphogenesis. Although the CD133 is a membranous protein, positive
cytoplasmic staining was observed because the bound anti-CD133 antibody
was enhanced with tyramide. The dorsal skin of E17.5, E18.5 and P0, P1, P2
mice stained with the anti-CD133 antibody and CD133 (þ ) cells was
visualized with red fluorescence. Nuclei were stained blue using Hoechst
dye. (c) stage 1, (d) stage 2, (e) stage 3, (f) stage 4, (g) stage 5, (h) stages 5–6, (i)
stage 7 anagen. CD133 expression in the DP was detected from stages 2–5
anagen of hair development. (j–n) The CD133 protein reappeared on DP cells
during second anagen and also during induced anagen of adult hairs. The DP
in (j) early second-anagen vibrissae and (k) pelage hairs of 4-week-old mice
expressed CD133, but the DP in (l) mid-anagen of 7-week-old mice did not.
Both (m) vibrissae and (n) pelage hairs plucked from 7-week-old mice to
artificially induce early anagen showed CD133 expression. All bars represent
100mm.
Table 1. Rate of CD133 (+) cells in the skin
Developmental age CD133 (+) cells percentage7SD
E16.5 4.4070.10 (n=10)
E17.5 2.1770.18 (n=15)***
E18.5 1.6070.03 (n=10)***
P1 0.6970.03 (n=5)***
P5 0.2670.04 (n=3)***
8W 0.3870.03 (n=3)
8W1 2.1070.11 (n=3)(***)
E, embryonic developmental day; P, postnatal day; W, weeks after birth.
Specimens were obtained from the back skin of embryos/neonates and
scalp skin of adults.
The percentage of CD133 (+) cells in E16.5 was compared with those of
E17.5, E18.5, P1, and P5. Statistical significance was determined by
Student’s t-test.
***Po0.001.
(***)Significant difference (Po0.001) of the percentage between depilated
and untreated skin in adult mice.
1Mice were used 6 days after depilation when newly induced hairs were
at the anagen stage. In each sample, 1 106 dissociated cells were
incorporated, and the number of CD133 (+) cells was counted by the
flowcytometer.
www.jidonline.org 1053
Y Ito et al.
Hair Follicle-Inducing Cells Express CD133
DP cells express CD133 before the production of versican
Versican is one of the extracellular matrices produced by DP
cells (du Cros et al., 1995). Moreover, the versican producing
cells were reported to induce hair follicles in vivo in
implantation experiments (Kishimoto et al., 1999). To
evaluate whether the CD133 (þ ) cells of DP co-express
versican, we double-stained skin specimens of embryonic
and adult mice with anti-CD133 and anti-versican anti-
bodies. The immunohistological analysis showed that the
expression of CD133 preceded the production of versican
(Figure 2a–d) during the hair development, but the positivity
for versican continued after the CD133 expression was no
longer detected (Figure 2e). During the second anagen phase
after birth, the DP cells transiently co-expressed the two
proteins (Figure 2f and g). The DP cells stained positively for
versican but not for CD133 during the late-anagen stage
(Figure 2h).
Isolated CD133 (þ ) cells of the skin were cultured to
verify whether they started to produce versican, in vitro.
CD133 (þ ) cells from E16.5 skin (Figure 2i) were initially
negative for versican (Figure 2j); however, after cultivation for
3 days, they began to proliferate and produce versican (Figure
2m), as they stopped producing CD133 (Figure 2l). Versican-
positive cells (Figure 2k) maintained versican expression after
proliferation (Figure 2n).
Phenotypical analysis of CD133 (þ ) cells
Immunocytometric analysis by flow cytometry revealed that
CD133 (þ ) cells of embryonic skin, E16.5, were also positive
for CD44 (Tuhkanen et al., 1999), CD56/neural cell adhesion
molecule (Muller-Rover et al., 1998), p75 neutrophin
receptor (p75NTR) (Botchkareva et al., 1999), nestin, and
CD90/Thy-1, but they were negative for Sca-1, CD117/c-kit,
CD45, CD202/Tie-2, and desmoglein (Figure 3). These results
suggest that CD133 (þ ) cells do not include any hemato-
poetic, melanocytic, endothelial, or epithelial cells.
Analysis of gene expression in CD133 (þ ) cells
To confirm that the isolated CD133 (þ ) cells transcribe
several genes, which DP cells have been reported to express,
we analyzed their gene expression by quantitative PCR. Total
RNA was extracted from CD133 (þ ) cells isolated from the
skin of E16.5 embryos, and of 8-week-old mice whose hairs
had been plucked 6 days previously. The results of real-time
PCR showed that in E16.5, CD133 (þ ) cells expressed
CD133, twist1, slug1, hey1, INHBA, BMP4, wise, nexin1,
PDGFRa, and FGF7 twice as strongly as CD133-negative ()
cells (Figure 4a). In adult CD133 (þ ) cells, twist1, slug1,
snail1, hey1, INHBA, BMP4, versican, nexin1, PDGFRa,
IGFBP3, and FGF7 were the genes that were twice as strongly
expressed in CD133 () cells (Figure 4b). A prior study of
microarrays had already shown that DP cells of P4 expressed
these genes (Rendl et al., 2005).
When PCR reactions were performed with templates from
CD133 (þ ) cells of embryonic and adult skin, only one PCR
product of 205 bp was amplified (data not shown). The band
corresponded to a splicing variant, prominin-1.s1 (Fargeas
et al., 2004).
CD133 (þ ) cells from both embryo- and adult skin-induced
hair growth in vivo
Hair follicle reconstructive experiments were performed to
examine whether CD133 (þ ) cells of the skin possessed hair
follicle-inducing ability. The dorsal skin of C57BL/6 E17.5
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Figure 2. CD133 expression appears earlier than versican in DP.
(a–h) During hair development, (a, b) hair follicles at stages 2 and 3 express
CD133, but (c, d) versican was not detected until stages 4–5, when both
proteins were present in the DP. (e) After stage 6, the expression of CD133
was lost but versican was still present. Skin sections of embryos, neonates,
and 4-week-old mice were double-stained with anti-CD133 antibody (red)
and anti-versican antibody (green). Hair follicles of E16.5 (a, stage 3), E17.5
(b, stage 4), E18.5 (c, stage 5), P0 (d, stages 5–6), and P1 (e, stage 6) mice. DPs
of pelage hairs at early anagen stage (f) and vibrissae at early anagen stage (g)
from 4-week-old mice showed CD133 expression, but the DPs from vibrissae
at the late second anagen (h) did not. (a–h) The bars represent 100mm. After
isolation by sorting, cultured CD133 (þ )/versican () cells proliferated and
began to express versican. Sorted cells from dorsal skin of E16.5 embryos
were either stained (i–k) immediately or (l–n) after culture for 3 days. Cells
were stained with (red in i, l) anti-CD133 antibody, and (green in j, k, m, n)
anti-versican antibody. (i, j) Three-day cultures of CD133 (þ )/versican ()
cells began to express (m) versican but lost expression of (l) CD133. In
contrast, (k) CD133 () versican (þ ) cells proliferated and still expressed (n)
versican after 3 days of cultivation. (i–n) The bars represent 10 mm.
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embryos was trypsinized and CD133 (þ ) cells were isolated
by a cell sorter. Epidermal cells were obtained from Balb/c
(E17.5) embryos in separate experiments. Mixtures of CD133
(þ ) and epidermal cells, in a volume of 50 ml, were injected
subcutaneously into athymic nude mice. Two weeks after
injection, the combination of CD133 (þ ) cells (1105) and
epidermal cells (5 105) reconstituted new hairs (Figure 5a).
In contrast, the combination of CD133 () cells and
epidermal cells failed to induce hair growth (Figure 5b).
Whole dermal cells (1 106) combined with epidermal cells
were injected as a positive control (Figure 5c). No hair grew
when CD133 (þ ) cells only or epidermal cells only were
injected (data not shown). When epidermal cells collected
from C57BL/6 (E17.5) were used instead of Balb/c embryos,
pigmented hairs were formed (Figure 5d, f, g and i). We also
injected the cell combinations into muscle in which the
blood supply was more abundant than in subcutaneous
tissue. The combination of CD133 (þ ) cells with epidermal
cells (Figure 5d) and whole dermal cells (1 106) with
epidermal cells (Figure 5f) induced hair growth. Again, the
combination of CD133 () cells with epidermal cells failed to
induce hair growth (Figure 5e), suggesting that the failure of
CD133 () cells to induce hair follicles was not due to
environmental differences between transplantation sites, but
rather to the lack of the hair-inducing ability of the
transplanted cells. To examine whether CD133 (þ ) cells of
adult skin could induce hair growth, CD133 (þ ) cells
(1105) were obtained from 8-week-old-adult mice depi-
lated 6 days previously. As CD133 (þ ) cells scarcely exist in
adult skin at 0.4% (Table 1), the depilation procedure was
required to collect sufficient cells for hair reconstitution. The
combination of these CD133 (þ ) cells and epidermal cells
also induced hair growth (Figure 5g), but at relatively low
efficiency compared to embryonic derived CD133 (þ ) cells.
CD133 () cells from adult skin with epidermal cells failed to
induce any hair growth (Figure 5h).
To prove that the grafted CD133 (þ ) cells repopulated in
the DP, CD133 (þ ) cells were isolated from Rosa26-
transgenic (LacZ expressing) or GFP-transgenic (GFP expres-
sing) embryos. After 2 weeks, LacZ or GFP-positive cells were
found in the DP of the reconstructed hair follicles,
respectively (Figure 5i and j). Interestingly, the grafted
CD133 (þ ) cells appeared mainly in the DP of the newly
formed hair follicles, although small populations of LacZ- or
GFP-positive cells were observed in the dermal sheath.
Cultured CD133 (þ ) cells of adult could induce hair growth
Recently, multipotent skin-derived precursors (SKPs) have
been reported to reside in DP (Toma et al., 2001; Fernandes
et al., 2004). We wanted to know whether CD133 (þ ) cells
Overlay plot1Overlay plot1Overlay plot1
Overlay plot1Overlay plot1
Overlay plot1Overlay plot1Overlay plot1Overlay plot1
Overlay plot1
Nestinp75NTRCD56
Sca-1 CD202CD45
DesmogleinCD117
CD90
CD44
Figure 3. Flow cytometric analysis of CD133 (þ ) cells in embryonic skin. Dermal cells from E16.5 mice were analyzed by flow cytometry. The gated CD133
(þ ) population is drawn as the bold line in each histogram. Positive staining patterns by anti-CD44, CD56/neural cell adhesion molecule, and p75NTR
antibodies showed that the CD133 (þ ) cells had DP characteristics.
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showed the same growth characteristics as SKPs. CD133 (þ )
cells were obtained from the scalp skin of 8-week-old mice,
depilated 6 days before. The cells were cultivated in floating
culture condition, the same procedure used for obtaining
SKPs (DMEM/F12 medium containing 2% B27, epidermal
growth factor, basic fibroblast growth factor). Although
dissociated CD133 (þ ) cells from adult mice formed spheres
(Figure 6a), the growth rate was much slower than that for
SKPs. The first passage occurred after one month, and the
second passage was performed yet 1 month later for CD133
(þ ) spheres. The results of immunostaining with anti-Sca-1
antibody showed a phenotypical difference between the two
kinds of spheres; SKPs produced Sca-1 (Figure 6b), whereas
spheres of CD133 (þ ) did not (Figure 6a).
Hair follicle reconstructive experiments showed that 20
spheres from cultured CD133 (þ ) cells with embryonic
epidermal cells (5 105) gave rise to 5–10 new hairs when
they were implanted into nude mice (Figure 6c), whereas 20
spheres of SKPs with embryonic epidermal cells failed to
induce any hair growth (Figure 6d). These results indicated
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Figure 4. Gene expression of CD133 (þ ) cells of embryonic and adult skin
corresponds to those of DP cells from the anagen stage. Quantitative PCR
was carried out using samples from CD133 (þ ) cells of (a) E16.5 and
(b) induced anagen stage from 8-week-old mice. Each cDNA of CD133 (þ )
and CD133 () fractions of the two groups was amplified using several sets of
primers as follows: twist1, slug1, snail1, hey1 (hairy-related transcription
factor 1), INHBA (inhibin b-A), BMP4 (bone morphogenic protein 4), wise
(wnt signaling modulator), CD133, versican, noggin, nexin1, PDGFRa
(platelet-derived growth factor receptor, a), IGFBP3 (insulin-like growth
factor-binding protein 3), FGF-7 (fibroblast growth factor 7) and b-actin.
The expression level of the mRNA of each gene was normalized by the
b-actin gene. The relative expression levels between the CD133 (þ ) and
CD133 () samples were shown in the graphs. The CD133 (þ ) cells both
from embryos (a) and adult mice (b) expressed several genes at least twice
as strongly as CD133 () cells. The strongly expressed genes in CD133
(þ ) cells were consistent with those reported as highly transcribed ones
in DP cells (Fernandes et al., 2004, Rendl et al., 2005).
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Figure 5. Skin-derived CD133 (þ ) cells from embryos and adults induce
hair growth in vivo. Dermal cells were collected from (a–f) C57BL/6 E17.5
embryos, (g, h) 8-week-old mice with 6 days after depilation, (i) Rosa-26
E17.5 embryos, (j) and GFP-transgenic E17.5 embryos. Epidermal cells were
obtained from (a–c) Balb/c E17.5 and (d–j) C57BL/6 E17.5 mice. Cell mixtures
of the dermal fraction and epidermal cells were injected (a–c) subcutaneously
or (d–j) intramuscularly into athymic nude mice. After 14 days (a) CD133 (þ )
cells from embryos induced new hairs, (c) similarly to the positive control, but
(b) CD133 () cells did not. (d–f) The same results were observed for
intramuscular transplantation experiment using pigmented epidermal cells.
(g) CD133 (þ ) cells from the DP of an adult mouse also showed hair
follicle-inducing ability, but (h) CD133 () cells did not. (i, j) Transplanted
CD133 (þ ) cells from the skin of Rosa26 or GFP-transgenic mouse were
found to localize mainly in the DP of newly produced hair (arrowheads)
with a few cells localized to the dermal sheath. (a) CD133 (þ ) cells plus
epidermal cells, (b) CD133 () cells plus epidermal cells, (c) whole dermal
cells plus epidermal cells (positive control), (d) CD133 (þ ) cells plus
epidermal cells, (e) CD133 () cells plus epidermal cells, (f) whole dermal
cells plus epidermal cells, (g) CD133 (þ ) cells from adult skin plus epidermal
cells, (h) CD133 () cells from adult skin plus epidermal cells, (i) CD133 (þ )
cells from Rosa26 embryos plus epidermal cells (LacZ staining),
(j) CD133 (þ ) cells from GFP-transgenic embryos plus epidermal cells.
(h, i) Cells with blue staining after x-gal staining and green fluorescence were
observed in the DP and dermal sheath. All bars represent 100 mm.
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that CD133 (þ ) cells retained their hair follicle-inducing
ability even after the cultivation.
DISCUSSION
This study indicates that hair follicle-inducing cells of both
embryo and adult produce a membranous protein, CD133.
This is the first report that DP cells express CD133 during the
early anagen stage and that CD133 (þ ) cells in the skin
possess the ability to induce new hair follicles.
Prior studies for inducing hair follicles have used whole
dermal cells of embryonic dorsal skin or isolated DP of
vibrissae as the dermal component. It is of note that hair
follicle-inducing cells express CD133, because they can thus
be selected out from dissociated cells. In in vivo hair
induction experiments, whole dermal cells from E16.5 to
P1 (on the second day of birth) mice (Weinberg et al., 1993;
Kishimoto et al., 2000; Zheng et al., 2005) have been used
because, after P2 (third day of life) until the end of the first
telogen stage of the hair cycle (3 weeks after birth), the dorsal
dermal cells lose their hair follicle-inducing ability. This
phenomenon probably reflects the number of CD133 (þ )
cells present during hair morphogenesis in the back skin. In
earlier transplantation experiments (Weinberg et al., 1993;
Zheng et al., 2005), more than 1 x 106 whole dermal cells
were used; however, our experiments required only 1105
CD133 (þ ) cells for hair follicle induction (minimum
number was 2 104). As the rate of CD133 (þ ) cells was
estimated for 2% (E17.5) of the skin in our data (Table 1), one
million dermal cells might contain 2104 CD133 (þ ) cells.
This number of CD133 (þ ) cells is equivalent to our
minimum requirement for hair follicle induction. Although
numerous hair follicles on P0 mice are before stage 4, almost
all hair follicles on P2 mice have entered stages 6–8 anagen
(Peters et al., 2002), a time that coincides with the
downregulation of CD133 expression in DP cells (Figure 1).
In fact, flow cytometry analysis showed that the percentage of
CD133 (þ ) cells in the dorsal skin dwindles away after birth
(Table 1). Therefore, the presence of CD133 (þ ) cells in DP
may be an indicator of their hair follicle-inducing capability.
In our immunocytostaining results, the dermal condensate/
papilla was shown to produce CD133 before versican during
the anagen stage. When GFP-positive cells were collected
from versican-GFP transgenic mice, it was reported that
versican-expressing DP cells have hair-inducing ability
(Kishimoto et al., 1999, 2000). In this study, we showed that
CD133 (þ ) cells produce versican after a period of culture,
indicating the probability that versican(þ ) cells with hair
follicle-inducing ability are the same population as CD133
(þ ) cells. CD133 is therefore useful for collecting native, live
hair follicle-inducing cells from non-transgenic animals,
because it is a cell surface protein.
This marker, CD133, a pentaspan transmembrane glyco-
protein, was first described as a marker for human
hematopoietic stem cells (Weigmann et al., 1997; Yin
et al., 1997). Many other studies provided evidence that this
orphan receptor is expressed on various tissue stem/progeni-
tor cells, such as neuronal (Uchida et al., 2000), endothelial
(Peichev et al., 2000) lineage, kidney (Bussolati et al., 2005),
prostate (Richardson et al., 2004), and cancer cells (Singh
et al., 2003). The biological function of CD133 has been
explored partially with regard to its participation in lipid rafts
on the cell surface (Roper et al., 2000), its contribution to the
protrusion of epithelial cells and the release of these
protrusions as extracellular membrane particles (Weigmann
et al., 1997; Marzesco et al., 2005). Because DP cells
produce CD133, we first suspected that the CD133 (þ ) cells
might contain tissue stem cells. However, it is difficult to
verify this because, the CD133 (þ ) cells of DP appear
periodically and do not exist in the hair follicles during their
resting phase.
The CD133 (þ ) cells of embryonic skin express CD44,
neural cell adhesion molecule/CD56, and p75NTR (Figure 3).
As DP cells are already confirmed to be positive for the three
proteins (Muller-Rover et al., 1998; Botchkareva et al., 1999;
Tuhkanen et al., 1999), CD133 (þ ) cells are shown to
produce the same proteins as DP cells do. A recent report
proposed that the DP of P4 mice could be defined as a Lef-1
(þ ) CD34 () CD45 b() CD117 () population (Rendl
et al., 2005). We confirmed that the phenotype of CD133 (þ )
cells in adult skin was also Lef-1 (þ ) CD34() CD45()
CD117() (data not shown). The CD133 (þ ) cells may have
the characteristics of neural cells, because they produce
CD44, neural cell adhesion molecule/CD56, p75NTR, nestin,
CD133
a
c d
b
SKP
Sca-1 Sca-1
Hoechst Hoechst
Figure 6. The spheres from CD133 (þ ) cells reveal hair-inducing activity.
Freshly isolated CD133 (þ ) cells from adult skin were cultivated within
the defined medium for neuropheres under floating culture conditions.
(a) The cultivated spheres from the second passage from CD133 (þ ) cells
did not produce Sca-1, but (b) the sphere from SKPs did stain positively for
Sca-1, as reported previously (Toma et al., 2001). Nuclei were counterstained
with Hoechst dye. The hair follicle reconstructive experiments showed that
(c) the spheres from CD133 (þ ) cells induced hair growth with epidermal
cells, but (d) the spheres from SKPs did not. All spheres were cultured and
used at second passage. All bars represent 100mm.
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and thy-1. Further analysis is required to fully characterize
these CD133 (þ ) cells.
When we compared the gene expression between CD133
(þ ) cells and CD133 () cells by quantitative PCR, the extent
of the difference was more exaggerated in adult cells than in
the embryonic cells. Several genes were expressed over twice
as strongly (CD133 (þ ) cells versus CD133 () cells), and
they have been reported as the DP signatures (Rendl et al.,
2005). Among them, CD133, twist1, versican, nexin1, and
FGF7 were expressed more than 20-fold more strongly in the
adult. The adult CD133 (þ ) cells may provide information
about the genes responsible for hair follicle induction.
As shown in Figure 6, cultured CD133 (þ ) cells of adult
skin had hair follicle-inducing power. We decided that
floating culture conditions to cultivate sphere-like clusters
was a desirable choice for maintaining the hair-inducing
ability of the CD133 (þ ) cells. But under these conditions,
the CD133 (þ ) cells proliferated at an extremely slow pace;
it took 1 month for each passage. Other cultivating conditions
should be surveyed for obtaining large numbers of hair-
inducing cells.
The DP harbors both CD133 (þ ) cells and SKPs but we
consider that two types of cells are different on the basis of
their production of cell surface markers and their hair follicle-
inducing capability. As shown in Figure 3, flow cytometry
analysis revealed that CD133 (þ ) cells are CD56(þ )
p75NTR(þ )Sca-1(), whereas SKPs are reported to be
CD56()p75NTR()Sca-1(þ ). Direct observation of stained
cells also showed that SKPs are Sca-1(þ ), whereas spheres of
CD133 are Sca-1() (Figure 6a and b). Moreover, the two
kinds of spheres displayed a clear functional difference; the
spheres of CD133 (þ ) cells could induce hair follicles;
SKPs could not.
In summary, we have identified CD133 as a new cell
surface marker for detecting and isolating DP cells with hair
follicle-inducing ability. The DP cells express the marker in
both embryonic and adult hair follicles. The marker might be
used as a powerful tool for elucidating the mechanism of hair
follicle development/formation.
MATERIALS AND METHODS
Mice and cell preparation
C57BL/6, Balb/c (Clea Japan, Tokyo, Japan), GFP-transgenic mice
(gift from Dr M. Okabe, Univ. of Osaka, Japan), and Rosa26-
transgenic mice (gift from Drs H Niwa and K Nakao, RIKEN, Kobe,
Japan) were maintained in sun protection factor conditions at the
animal facilities. Animal studies were conducted according to
protocols approved by the International Medical Center of Japan.
Embryonic day (E) 13.5–18.5 embryos were obtained by Cesarean
section. Skin was harvested from 4 to 8-week-old mice and from
neonatal mice on P0, P1, P5, and P11. To obtain dermal cells,
embryonic, neonatal back, and adult caudal skin was stripped,
minced in DMEM containing 0.25% of trypsin, and incubated for
1 hour at 371C. Single-cell suspensions were rinsed with phosphate-
buffered saline (PBS) and incubated in DMEM containing 5% fetal
bovine serum for 1 hour, then used for the hair inductive experiment,
reverse transcription PCR and flow cytometry analysis. For preparing
cell suspensions of epidermis, embryonic (E17.5) back skin was
harvested and treated with 1,000 U/ml dispase (Invitrogen, Carlsbad,
CA) for 4 hour at 41C, and then separated into epidermis and dermis.
Peeled epidermis was incubated in 0.25% trypsin-EDTA (Invitrogen)
for 30 minutes at 371C. Cells were washed, suspended in KBM-2
(Cambrex, Walkersville, MD), and then used for the hair follicle
inductive experiment.
Immunohistochemistry
Embryonic, neonatal, adult back skin, and adult vibrissae were
sectioned (10 mm thick) using a cryostat. The sections were
incubated with primary antisera to CD133 (eBioscience, San Diego,
CA, clone13A4, 1:150) for 1 hour at RT. After washing with PBS, the
sections were immersed in PBS containing 2% H2O2 for 30 minutes
at RT. The secondary antibody, HRP-conjugated anti-rat IgG
(Amersham Bioscience, Little Chalfont, UK, 1:100) was applied to
the sections and incubated for 1 hour at RT with Hoechst dye for
nuclear staining. Positive reactions were enhanced using the
tyramide signal amplification system (Molecular Probes, Eugene,
OR) following the manufacturer’s instructions, and visualized with
Alexa Fluor 594. For double staining experiments, sections were first
incubated with antiserum to CD133 and versican (Chemicon,
Temecula, CA, polyclonal no. AB1033). After enhancement with
Alexa594-conjugated tyramide (CD133 (þ ) cells appeared red),
Alexa Fluor 488-conjugated anti-rabbit IgG (Molecular Probes)
(versican-positive cells appeared green) was applied to the slides
for 20 minutes at RT. Alternatively, the sections were incubated with
a primary antibody to CD133 (Abcam, UK, polyclonal, 1:20)
overnight at 41C, followed by a secondary antibody, Alexa 594
conjugated anti-rabbit IgG (Molecular Probes, 1:400) for 30 minutes
at RT. The slides were mounted with Gel/mount containing an anti-
fading reagent (Biomeda, Foster City, CA) and observed under a
BX51 fluorescent microscope (Olympus, Tokyo, Japan).
Cell sorting
Freshly obtained single-cell suspensions were incubated with biotin-
conjugated anti-CD133 antibody (eBioscience, clone13A4) for
30 minutes at 41C followed by the incubation for 15 minutes at
41C with PE-conjugated streptavidin (BD Bioscience, San Jose, CA).
Following staining, the PE-positive cell fraction was sorted using an
EPICS ALTRA flow cytometer (Beckman Coulter, Fullerton, CA).
Sorted cells were used for hair induction experiments, and cell
culturing. For gene expression analysis, CD133 (þ ) and CD133 ()
cells were separated magnetically. Magnetic labeling of cells was
followed after incubation with the primary antibody. Cells were
washed and incubated with magnetic beads coated by anti-biotin
antibody (Miltenyi Biotec GmBH, Bergisch Gladbach, Germany) for
15 minutes at 41C. CD133 (þ ) and CD133 () fractions were sorted
by an AutoMacsTM (Miltenyi Biotec).
Cell culture and immunocytochemistry
Sorted cells were seeded into 96-well low-binding plates (Nalgen-
unc, Chester, NY) at 2,000 cells/well with Papilla Cell Growth
Medium (TOYOBO, Japan) containing 10% fetal bovine serum.
Cells were cultured for 3 days, and then stained after a cytospin step
for 1 minute at 700 r.p.m. Cells on slides were fixed with 4%
paraformaldehyde, 0.2% picric acid in PBS. For intracellular
staining, fixed specimens were immersed in cold acetone. Immuno-
staining was performed using antibodies against mouse CD133
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(raised in rat) and versican (raised in rabbit). Visualization was
performed using Alexa fluor 594-conjugated anti-rat antibody
(Molecular Probes), and Alexa Fluor 488-conjugated anti-rabbit
antibody (Molecular Probes), as described above. Cell sorting was
performed as described above.
Gene expression analysis
One microgram of total RNA was extracted from the sorted CD133
(þ ) cells of 8 embryos (E16.5) and 10 adult mice (8-week-old)
depilated 6 days before the preparation. Negatively sorted cells of
each sample were also used as CD133 () fraction. Collected cells
were treated with Isogen (Wako Chemicals, Japan) and reverse
transcribed into cDNA using SuperSCRIPT II (Invitrogen) following
the manufacturer’s instructions. After reverse transcription, 100 ng of
cDNA was used for real-time quantitative PCR, performed with ABI
PRISM 7700 Sequence Detector (Perkin Elmer, Wellesley, MA) and
the SYBR green (SYBR Premix Ex Taq, Takara, Japan). Primers are
listed on Supplementary Data. Amplification included initial
denaturation at 951C for 10 seconds, 50 cycles of denaturation at
951C for 10 seconds, annealing at 601C (671C, only the reaction with
primers of CD133) for 30 seconds. Data were normalized to
expression of the housekeeping gene b-actin. Expression level of
mRNA of each gene was calculated according to the method
reported in the past (Pfaffl, 2001).
Flow cytometric analysis
Cell suspensions from skin were prepared as described previously.
Antibodies used in the present experiment were: anti-neural cell
adhesion molecule (MAB310), anti-p75NTR (AB1554) from Chemi-
con, anti-nestin (Rat401), Thy-1 (53-2.1), CD45 (30-F11), CD117
(2B8), desmoglein (62) from BD Bioscience, and anti-CD133 (13A4),
CD44 (IM7), Sca-1 (D7), Tie-2 (TEK4) from eBioscience. When we
used anti-nestin antibodies, cells were fixed and permeabilized with
IntraPrep (Beckman Coulter). Cells from dorsal skin of E16.5 to
E18.5, P1 and P5 mice and from the scalp of 8-week-old mice before
and after depilation were prepared for determining the relationship
between CD133 (þ ) cells and hair formation. Analysis was
performed with an EPICS XL flow cytometer (Beckman Coulter),
and data were analyzed with EXPO32 software (Beckman Coulter).
Formation of spheres from CD133 (þ ) cells
To cultivate the CD133 (þ ) cells under floating conditions, we
obtained CD133 (þ ) cells by sorting and cultured them in a defined
medium as described previously (Toma et al., 2001; Kawase et al.,
2004). Briefly, skin from 8-week-old mice, depilated 6 days
previously, was stripped, minced in DMEM containing collagenase,
and incubated for 30 minutes at 371C. Single-cell suspensions of
CD133 (þ ) cells obtained by sorting were rinsed with PBS and
cultured under floating condition in DMEM/F12 (1:1) medium
(Invitrogen) containing 2% B-27 supplement (Invitrogen), epidermal
growth factor (10 ng ml, R&D systems, Minneapolis, MN), and basic
fibroblast growth factor (20 ng ml, R&D systems) using a low-cell-
binding plate (Nalgenunc). For passage, spheres were collected by
centrifugation, and treated with Accumax (Innovative Cell Techno-
logies, San Diego, CA) for 5 minutes at RT, rinsed with PBS and then
resuspended in fresh medium. SKPs were obtained from the ears of
6- to 8-week-old mice using the same procedure as reported
previously (Toma et al., 2001; Kawase et al., 2004). The spheres of
CD133 (þ ) cells and SKPs were examined by immunostaining. Each
hair follicle inducing experiment was performed in triplicate.
In vivo induction of hair-growth
Athymic nude mice (Balb/cA Jcl-nu), 7 weeks of age, were
purchased from Charles River Japan Inc., Japan. Recipient mice
were anesthetized with pentobarbital sodium (1.3 mg/kg). Sorted
fractions of CD133 (þ ) cells, CD133 () cells, (1 105 cells each),
spheres from CD133 (þ ) cells (20 spheres each), SKPs (20 spheres
each) and whole dermal cells (1 106 cells) were centrifuged,
resuspended in KBM-2 media with epidermal cells (5 105 cells
each) in a volume of 50 ml, using 25-gauge needle for injection into
the intradermal, subcutis or muscle (gluteus maximus muscle) of
nude mice. After 2 weeks, the skin or muscle containing trichogenic
cells were harvested. The newly formed hair follicles were observed
under a SZX12 stereomicroscope and an IX70 light microscope
(Olympus).
X-gal staining
Harvested trichogenic cells were stained with X-gal to detect any
dermal contamination from Rosa26 mice. The cells were fixed with
4% paraformaldehyde and 0.5% glutaraldehyde in PBS for
30 minutes and stained for 6 hours at RT with 5 mM K3Fe(CN)6,
5 mM K4Fe(CN)6, 2 mM MgCl2, and 1 mg/ml X-gal in PBS (pH 7.2).
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